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BACKLIGHT SYSTEM WITH 
MULTILAYER OPTICAL FILM REFLECTOR 



Technical Field 

The present invention relates to the field of backlight systems. More 
10 particularly, the present invention relates to improved backlight systems with 
multilayer optical film reflectors. 



Background of the Invention 
Liquid crystal (LC) displays are widely used for laptop computers, handheld 
15 calculators, digital watches, and similar devices in which information must be 
displayed to a viewer. In many applications, the displays incorporate a backlight to 
provide the light necessary to view the display when ambient light entering the 
display and reflected back out of the display is insufficient. 

Backlight systems typically incorporate a light source and a light guide to 
20 direct light from the source and uniformly spread it over the display. Traditionally, 
light guides have been provided of light transparent material which propagate light 
along their length through total internal reflection. The light is typically reflected 
off of the back surface of the light guide and towards the front surface at angles 
which allow it to exit the front surface of the light guide. Various reflection 
25 mechanisms are used to distribute the light exiting the guide uniformly including 
reflective dots, channels, facets etc. 

Backlight systems which use non-collimated light sources such as 
fluorescent lamps, etc. also typically incorporate at least two reflectors. A lamp 
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A second reflector is provided proximate the back surface of the light guide 



towards the front surface of the light guide where it can be transmitted to the 
viewer. These reflectors are typically constructed of a reflective white coating that 
also diffuse the reflected light over a Lambertian distribution. 

A primary disadvantage with the conventional reflectors used in the lamp 
5 cavity and at the back surface of the light guide is, however, their relatively high 
absorptivities and high transmission of incident light. Typical reflectors will absorb 
or transmit about 4 to about 15% of the light incident upon them. The absorbed 
light is, of course, not available to the viewer, thereby degrading performance of the 
backlight. 

10 The absorptive losses are, of course, increased with every reflection of light 

from the surface of conventional reflectors. With even the best conventional 
reflectors which absorb 4% of incident light, the intensity level of reflected light is 
about 81.5% after only five reflections. 

These absorptive losses are also substantially increased when the backlight is 

1 5 used in combination with various light recycling films such as a structured partially 
reflective film. One micro-replicated structured partially reflective film is available 
as OPTICAL LIGHTING FILM from Minnesota Mining and Manufacturing 
Company, St. Paul, Minnesota. 

Structured partially reflective films typically have excellent reflectivity over 

20 certain ranges of angles but high transmission over others. Micro-replicated 
structured partially reflective films are available as Brightness Enhancement Film, 
available from Minnesota Mining and Manufacturing Company. In general, 
structured partially reflective films redirect and transmit light into a relatively 
narrow range of angles while reflecting the remainder of the light. As a result, 

25 structured films transmit light and enhance brightness in backlight systems by 
recycling light which would otherwise exit a backlight outside a normal viewing 
angle. 
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conventional back reflectors. Those increased absorption losses reduce the 
luminance or brightness attainable by this combination of the backlight system. 

Summary of the Invention 
The present invention includes a backlight system incorporating a back 
5 reflector and/or a lamp cavity reflector constructed of a multilayer optical film. 

Providing the multilayer optical film for lamp cavity mirrors and/or back 
reflectors in backlight systems according to the present invention provides a number 
of advantages. One advantage is the low absorptivity of the film. The multilayer 
optical film according to the present invention can reflect over 99% of the light 
1 0 striking the surface of the film. 

Another advantage is that the multilayer optical film is also highly efficient at 
reflecting light whether it is incident normal to the film surface or off-axis. 

Yet another advantage of backlight systems employing multilayer optical 
film reflectors is that the multilayer optical film is relatively low in weight as 
1 5 compared to many conventional reflectors. 

Still another advantage of backlight systems employing multilayer optical 
film back reflectors is that because the film is relatively thin as compared to many 
conventional reflectors, the backlight systems can be thinner than a backlight system 
employing a convention back reflector. 
20 Still a further advantage is that an entire light guide can be constructed using 

multilayer optical film according to the present invention for both the front and back 
surfaces of the light guide, thereby eliminating the need for a separate light guide 
and further reducing the cost, weight and bulk of backlight systems 

Backlight systems according to the present invention can also incorporate 
25 recycling technologies, such as structured films and/or reflective polarizers, without 
incurring the significant absorptive losses associated with conventional reflectors. 

Another advantage is that the multilayer optical film is nonconductive, and 

_Ui to the piesent invention \\\\\ become apparent on leading the detailed description 
below together with reference to the drawings. 




Brief Description of the Drawin gs 
FIGURES la and lb are diagrammatical views of the multilayer optical film 
of the present invention. 
5 FIGURE 2 shows a two layer stack of films forming a single interface. 

FIGURES 3-6, 7A and 7B depict the optical performance of multilayer 
mirrors given in Examples 1-5. 

FIGURE 8 is a graphical representation illustrating the relationship between 
the number of reflections experienced by a ray of light (x-axis) as compared to the 
10 relative intensity of the light ray (y-axis) for reflective surfaces made of multilayer 
optical film and a standard reflector. 

FIGURE 9 is a schematic cross-sectional view of one backlight system 
according to the present invention. 

FIGURE 10 is a schematic cross-sectional view of an alternate backlight 
1 5 system according to the present invention. 

FIGURE 1 1 is a schematic cross-sectional view of another alternate 
backlight system according to the present invention. 

FIGURE 12 is a schematic cross-sectional view of another alternate 
backlight system according to the present invention. 
20 FIGURE 13 shows a schematic cross-sectional view of another alternate 

backlight system according to the present invention. 

FIGURE 14 shows a schematic cross-sectional view of another alternate 
backlight system according to the present invention 

25 Detailed D escri ption of the Inve ntion 

I. Multilayer Optical Film 

The backlight systems described herein rely on the unique and advantageous 

3u copending and commonly assigned I S Patent Application uS.4o^,U41, tiled 
March 10, 1995, titled OPTICAL FILM, which is incorporated herein by reference 



The multilayer optical film is useful, for example, as highly efficient mirrors and/or 
polarizers. A relatively brief description of the properties and characteristics of the 
multilayer optical film is presented below followed by a description of illustrative 
embodiments of backlight systems using the multilayer optical film according to the 

5 present invention. 

Multilayer optical films as used in conjunction with the present invention 
exhibit relatively low absorption of incident light, as well as high reflectivity for 
off-axis as well as normal light rays. These properties generally hold whether the 
films are used for pure reflection or reflective polarization of light. The unique 

10 properties and advantages of the multi-layer optical film provides an opportunity to 
design highly efficient backlight systems which exhibit low absorption losses when 
compared to known backlight systems. 

An exemplary multilayer optical film of the present invention as illustrated in 
Figures 1A and IB includes a multilayer stack 10 having alternating layers of at 

15 least two materials 12 and 14. At least one of the materials has the property of 
stress induced birefringence, such that the index of refraction (n) of the material is 
affected by the stretching process. Figure 1 A shows an exemplary multilayer stack 
before the stretching process in which both materials have the same index of 
refraction. Light ray 13 experiences no index of refraction change and passes 

20 through the stack. In Figure IB, the same stack has been stretched, thus increasing 
the index of refraction of material 12. The difference in refractive index at each 
boundary between layers will cause part of ray 1 5 to be reflected. By stretching the 
multilayer stack over a range of uniaxial to biaxial orientation, a film is created with 
a range of reflectivities for differently oriented plane-polarized incident light. The 

25 multilayer stack can thus be made useful as reflective polarizers or mirrors. 

Multilayer optical films constructed according to the present invention 
exhibit a Brewster angle (the angle at which reflectance goes to zero for light 
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The multilayer optical films according to the present invention, however, allow foi 



the construction of mirrors and polarizers whose reflectivity for p polarized light 
decrease slowly with angle of incidence, are independent of angle of incidence, or 
increase with angle of incidence away from the normal. As a result, multilayer 
stacks having high reflectivity for both s and /; polarized light over a wide 
5 bandwidth, and over a wide range of angles can be achieved. 

Figure 2 shows two layers of a multilayer stack, and indicates the three 
dimensional indices of refraction for each layer. The indices of refraction for each 
layer are nix, nly, and nlz for layer 102, and n2x, n2y, and n2z for layer 104. The 
relationships between the indices of refraction in each film layer to each other and to 
10 those of the other layers in the film stack determine the reflectance behavior of the 
multilayer stack at any angle of incidence, from any azimuthal direction. The 
principles and design considerations described in U.S. patent application Serial 
Number 08/402,041 can be applied to create multilayer stacks having the desired 
optical effects for a wide variety of circumstances and applications. The indices of 
15 refraction of the layers in the multilayer stack can be manipulated and tailored to 
produce the desired optical properties. 

Referring again to Figure IB, the multilayer stack 10 can include tens, 
hundreds or thousands of layers, and each layer can be made from any of a number 
of different materials. The characteristics which determine the choice of materials 
20 for a particular stack depend upon the desired optical performance of the stack. 
The stack can contain as many materials as there are layers in the stack. For ease of 
manufacture, preferred optical thin film stacks contain only a few different 
materials 

The boundaries between the materials, or chemically identical materials with 
25 different physical properties, can be abrupt or gradual. Except for some simple 
cases with analytical solutions, analysis of the latter type of stratified media with 
continuously varying index is usually treated as a much larger number of thinner 
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The preferred multilayer stack i> compiiseu o\ iugn nuies pans mih 
layers, wherein each low/high index pair of layers has a combined optical thickness 



of 1/2 the center wavelength of the band it is designed to reflect. Stacks of such 
films are commonly referred to as quarterwave stacks. For multilayer optical films 
concerned with the visible and the near infrared wavelengths, a quarterwave stack 
design results in each of the layers in the multilayer stack having an average 
thickness of not more than 0.5 microns. 

In those applications where reflective films (e.g. mirrors) are desired, the 
desired average transmission for light of each polarization and plane of incidence 
generally depends upon the intended use of the reflective film. One way to produce 
a multilayer mirror film is to biaxially stretch a multilayer stack which contains a 
birefringent material as the high index layer of the low/high index pair. For a high 
efficiency reflective film, average transmission along each stretch direction at 
normal incidence over the visible spectrum (400-700nm) is desirably less than 10% 
(reflectance greater than 90%), preferably less than 5% (reflectance greater than 
95%), more preferably less than 2% (reflectance greater than 98%) , and even more 
preferably less than 1% (reflectance greater than 99%). The average transmission 
at 60 degrees from the normal from 400-700 nm is desirably less than 20% 
(reflectance greater than 80%), preferably less than 10% (reflectance greater than 
90%), more preferably less than 5% (reflectance greater than 95%), and even more 
preferably less than 2% (reflectance greater than 98%), and even more preferably 
less than 1% (reflectance greater than 99%). 

In addition, asymmetric reflective films may be desirable for certain 
applications. In that case, average transmission along one stretch direction may be 
desirably less than, for example, 50%, while the average transmission along the 
other stretch direction may be desirably less than, for example 20%, over a 
bandwidth of, for example, the visible spectrum (400-700 nm), or over the visible 
spectrum and into the near infrared (e g, 400-850 nm). 

Multilayer optical films can also be designed to operate as reflective 
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reflectivity for light with its plane of polarization parallel to one axis (in the stretch 



direction) for a broad range of angles of incidence, and simultaneously have low 
reflectivity and high transmissivity for light with its plane of polarization parallel to 
the other axis (in the non-stretch direction) for a broad range of angles of incidence. 
By controlling the three indices of refraction of each film, nx, ny and nz, the desired 
5 polarizer behavior can be obtained. 

For many applications, the ideal reflecting polarizer has high reflectance 
along one axis (the so-called extinction axis) and zero reflectance along the other 
(the so-called transmission axis), at all angles of incidence. For the transmission 
axis of a polarizer, it generally desirable to maximize transmission of light polarized 

10 in the direction of the transmission axis over the bandwidth of interest and also over 
the range of angles of interest. 

The average transmission at normal incidence for a polarizer in the 
transmission axis across the visible spectrum (400-700 nm for a bandwidth of 
300 nm) is desirably at least 50%, preferably at least 70%, more preferably at least 

15 85%>, and even more preferably at least 90%>. The average transmission at 60 
degrees from the normal (measured along the transmission axis for p-polarized 
light) for a polarizer from 400-700 nm is desirably at least 50%>, preferably at least 
70%o, more preferably at least 80%), and even more preferably at least 90%o. 

The average transmission for a multilayer reflective polarizer at normal 

20 incidence for light polarized in the direction of the extinction axis across the visible 
spectrum (400-700 nm for a bandwidth of 300 nm) is desirably at less than 50%, 
preferably less than 30%, more preferably less than 1 5%, and even more preferably 
less than 5%. The average transmission at 60 degrees from the normal (measured 
along the transmission axis for p-polarized light) for a polarizer for light polarized in 

25 the direction of the extinction axis from 400-700 nm is desirably less than 50%, 
preferably less than 30%, more preferably less than 15%, and even more preferably 
less than 5%. 
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more than 20% at an angle of at least 20 degrees from the normal 



In addition, although reflective polarizing films and asymmetric reflective 
films are discussed separately herein, it should be understood that two or more of 
such films could be provided to reflect substantially all light incident on them 
(provided they are properly oriented with respect to each other to do so). This 
5 construction is typically desired when the multilayer optical film is used as a 
reflector in a backlight system according to the present invention. 

If some reflectivity occurs along the transmission axis, the efficiency of the 
polarizer at ofT-normal angles may be reduced. If the reflectivity along the 
transmission axis is different for various wavelengths, color may be introduced into 
10 the transmitted light. One way to measure the color is to determine the root mean 
square (RMS) value of the transmissivity at a selected angle or angles over the 
wavelength range of interest. The % RMS color, can be determined according to 
the equation: 
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where the range M to X2 is the wavelength range, or bandwidth, of interest, T is 
the transmissivity along the transmission axis, and T is the average transmissivity 
along the transmission axis in the wavelength range of interest. For applications 
20 where a low color polarizer is desirable, the % RMS color should be less than 10%, 
preferably less than 8%, more preferably less than 3.5%, and even more preferably 
less than 2% at an angle of at least 30 degrees from the normal, preferably at least 
45 degrees from the normal, and even more preferably at least 60 degrees from the 
normal 

25 Preferably, a reflective polarizer combines the desired % RMS color along 
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average transmission along the extinction axis at normal incidence is desirably less 



than 40%, more desirably less than 25%, preferably less than 15%, more preferably 
less than 5% and even more preferably less than 3%. 



Materials Selection and Processing 

5 With the design considerations described in the above mentioned U.S. 

Patent Application Serial Number 08/402,041, one of ordinary skill will readily 
appreciate that a wide variety of materials can be used to form multilayer reflective 
films or polarizers according to the invention when processed under conditions 
selected to yield the desired refractive index relationships. The desired refractive 

1 0 index relationships can be achieved in a variety of ways, including stretching during 
or after film formation (e.g., in the case of organic polymers), extruding (e.g., in the 
case of liquid crystalline materials), or coating. In addition, it is preferred that the 
two materials have similar rheological properties (e.g., melt viscosities) such that 
they can be co-extruded. 

] 5 in general, appropriate combinations may be achieved by selecting, as the 

first material, a crystalline or semi-crystalline material, preferably a polymer. The 
second material, in turn, may be crystalline, semi-crystalline, or amorphous. The 
second material may have a birefringence opposite of the first material. Or, the 
second material may have no birefringence, or less birefringence than the first 

20 material. 

Specific examples of suitable materials include polyethylene naphthalate 

(PEN) and isomers thereof (e.g., 2,6-, 1,4-, 1,5-, 2,7-, and 2,3-PEN), polyalkylene 
tcrephthalates (e.g., polyethylene terephthalate, polybutylene terephthalate, and 
poly-l,4-cyclohexanedimethylene terephthalate), polyimides (e.g., polyacrylic 
25 imides), polyetherimides, atactic polystyrene, polycarbonates, polymethacrylates 
(e.g., polyisobutyl methacrylate, polypropylmethacrylate, polyethylmethacrylate, 
and polymethylmethacrylate), polyacrylates (e.g., polybutylacrylate and 
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Mi polystyrenes, cellulose derivatives (eg. ethyl cellulose, cellulose acetate, cellulose 
propionate, cellulose acetate butyrate, and cellulose nitrate), polyalkylene polymers 



(e.g., polyethylene, polypropylene, polybutylene, polyisobutylene, and 
poly(4-methyl)pentene), fluorinated polymers (e.g., perfluoroalkoxy resins, 
polytetrafluoroethylene, fluorinated ethylene-propylene copolymers, polyvinylidene 
fluoride, and polychlorotrifluoroethylene), chlorinated polymers (e.g., 
5 polyvinylidene chloride and polyvinylchloride), polysulfones, polyethersulfones, 
polyacrylonitrile, polyamides, silicone resins, epoxy resins, polyvinylacetate, 
polyether-amides, ionomeric resins, elastomers (e.g., polybutadiene, polyisoprene, 
and neoprene), and polyurethanes. Also suitable are copolymers, e.g., copolymers 
of PEN (e.g., copolymers of 2,6-, 1,4-, 1,5-, 2,7-, and/or 2,3-naphthalene 
10 dicarboxylic acid, or esters thereof, with (a) terephthalic acid, or esters thereof; (b) 
isophthalic acid, or esters thereof; (c) phthalic acid, or esters thereof; (d) alkane 
glycols; (e) cycloalkane glycols (e.g., cyclohexane dimethane diol); (f) alkane 
dicarboxylic acids; and/or (g) cycloalkane dicarboxylic acids (e.g., cyclohexane 
dicarboxylic acid)), copolymers of polyalkylene terephthalates (e.g., copolymers of 
1 5 terephthalic acid, or esters thereof, with (a) naphthalene dicarboxylic acid, or esters 
thereof; (b) isophthalic acid, or esters thereof, (c) phthalic acid, or esters thereof, 
(d) alkane glycols; (e) cycloalkane glycols (e.g., cyclohexane dimethane diol); (f) 
alkane dicarboxylic acids; and/or (g) cycloalkane dicarboxylic acids (e.g., 
cyclohexane dicarboxylic acid)), and styrene copolymers (e.g., styrene-butadiene 
20 copolymers and styrene-acrylonitrile copolymers), 4,4'-bibenzoic acid and ethylene 
glycol. In addition, each individual layer may include blends of two or more of the 
above-described polymers or copolymers (e.g., blends of sPS and atactic 
polystyrene). The coPEN described may also be a blend of pellets where at least 
one component is a polymer based on naphthalene dicarboxylic acid and other 
25 components are other polyesters or polycarbonates, such as a PET, a PEN or a 
co-PEN. 

Particularly preferred combinations oflayers in the case of polarizers include 
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polycyclohexanedimethylene terephthalate commercially available from Eastman 
Chemical Co. 

Particularly preferred combinations of layers in the case of reflective films 
include PET/Ecdel, PEN/Ecdel, PEN/sPS, PEN/THV, PEN/co-PET, and PET/sPS, 
where "co-PET" refers to a copolymer or blend based upon terephthalic acid (as 
described above), Ecdel is a thermoplastic polyester commercially available from 
Eastman Chemical Co., and THV is a fluoropolymer commercially available from 
Minnesota Mining and Manufacturing Company, St. Paul, Minnesota. 

The number of layers in the film is selected to achieve the desired optical 
properties using the minimum number of layers for reasons of film thickness, 
flexibility and economy. In the case of both polarizers and reflective films, the 
number of layers is preferably less than 10,000, more preferably less than 5,000, and 
even more preferably less than 2,000. 

As discussed above, the ability to achieve the desired relationships among 
the various indices of refraction (and thus the optical properties of the multilayer 

film) is influenced by the processing conditions used to prepare the multilayer film. 

i 

In the case of organic polymers which can be oriented by stretching, the films are 
generally prepared by co-extruding the individual polymers to form a multilayer film 
and then orienting the film by stretching at a selected temperature, optionally 
followed by heat-setting at a selected temperature. Alternatively, the extrusion and 
orientation steps may be performed simultaneously. In the case of polarizers, the 
film is stretched substantially in one direction (uniaxial orientation), while in the 
case of reflective films the film is stretched substantially in two directions (biaxial 
orientation). 

The film may be allowed to dimensionally relax in the cross-stretch direction 
from the natural reduction in cross-stretch (equal to the square root of the stretch 
ratio), it may simply be constrained to limit any substantial change in cross-stretch 
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The pre-stretch temperature, stretch temperature, stretch rate, stretch ratio, 
heat set temperature, heat set time, heat set relaxation, and cross-stretch relaxation 
are selected to yield a multilayer film having the desired refractive index 
relationship. These variables are inter-dependent; thus, for example, a relatively low 
5 stretch rate could be used if coupled with, e.g., a relatively low stretch temperature. 
It will be apparent to one of ordinary skill how to select the appropriate 
combination of these variables to achieve the desired multilayer film. In general, 
however, a stretch ratios in the range from 1 :2 to 1:10 (more preferably 1 :3 to 1 :7) 
in the stretch direction and from 1:0.2 to 1:10 (more preferably from 1:0.3 to 1:7) 
10 orthogonal to the stretch direction is preferred. 

Suitable multilayer films may also be prepared using techniques such as spin 
coating (e.g., as described in Boese et al., J. Polym. Sci.: Part B, 30:1321 (1992) 
for birefringent polyimides, and vacuum deposition (e.g., as described by Zang et. 
al., Appl. Phys. Letters, 59:823 (1991) for crystalline organic compounds; the latter 
15 technique is particularly useful for certain combinations of crystalline organic 
compounds and inorganic materials. 

Exemplary multilayer reflective mirror films and multilayer reflective 
polarizers will now be described in the following examples. 

20 EXAMPLE 1 (PEN:THV 500. 449. Mirror) 

A coextruded film containing 449 layers was made by extruding the cast 
web in one operation and later orienting the film in a laboratory film-stretching 
apparatus. A Polyethylene naphthalate (PEN) with an Intrinsic Viscosity of 
0.53 dl/g (60 wt. % phenol/40 wt % dichlorobenzene) was delivered by one 

25 extruder at a rate of 56 pounds per hour and THV 500 (a fluoropolymer available 
from Minnesota Mining and Manufacturing Company) was delivered by another 
extruder at a rate of 1 1 pounds per hour. The PEN was on the skin layers and 50% 

3u extrudatc oi 449 layers 1 he east web was 20 mils thick and 12 inches w ide I he 
web was later biaxially oriented using a laboratory stretching device that uses a 



pantograph to grip a square section of film and simultaneously stretch it in both 
directions at a uniform rate. A 7.46 cm square of web was loaded into the stretcher 
at about 100°C and heated to 140°C in 60 seconds. Stretching then commenced at 
10%/sec (based on original dimensions) until the sample was stretched to about 
5 3.5x3.5. Immediately after the stretching the sample was cooled by blowing room 
temperature air at it. 

Figure 3 shows the transmission of this multilayer film. Curve (a) shows the 
response at normal incidence, while curve (b) shows the response at 60 degrees for 
p-polarized light. 

10 

EXAMPLE 2 fPEN:PMMA. 601. Mirror) 

A coextruded film containing 601 layers was made on a sequential 
flat-film-making line via a coextrusion process. Polyethylene Naphthalate (PEN) 
with an Intrinsic Viscosity of 0.57 dl/g (60 wt. % phenol/40 wt. % dichlorobenzene) 

15 was delivered by extruder A at a rate of 1 14 pounds per hour with 64 pounds per 
hour going to the feedblock and the rest going to skin layers described below. 
PMMA (CP-82 from ICI of Americas) was delivered by extruder B at a rate of 61 
pounds per hour with all of it going to the feedblock. PEN was on the skin layers 
of the feedblock. The feedblock method was used to generate 151 layers using the 

20 feedblock such as those described in U.S. Patent 3,801,429, after the feedblock two 
symmetric skin layers were coextruded using extruder C metering about 30 pounds 
per hour of the same type of PEN delivered by extruder A. This extrudate passed 
through two multipliers producing an extrudate of about 601 layers. U.S. Patent 
3,565,985 describes similar coextrusion multipliers. The extrudate passed through 

25 another device that coextruded skin layers at a total rate of 50 pounds per hour of 
PEN from extaider A. The web was length oriented to a draw ratio of about 3 .2 
with the web temperature at about 280°F. The film was subsequently preheated to 

^•.> -fjii {■ Willi no iciaxation anowai i he imi>neU liiin ttucknes.s ahout .> inn 



As seen in Figure 4, curve (a), the bandwidth at normal incidence is about 
350 nm with an average in-band extinction of greater than 99%. The amount of 
optical absorption is difficult to measure because of its low value, but is less than 
1%. At an incidence angle of 50° from the normal both s (curve (b)) and 
5 p-polarized (curve (c)) light showed similar extinctions, and the bands were shifted 
to shorter wavelengths as expected. The red band-edge for s-polarized light is not 
shifted to the blue as much as for p-polarized light due to the expected larger 
bandwidth for s-polarized light, an due to the lower index seen by the p-polarized 
light in the PEN layers. 

10 

EXAMPLE 3 (PEN:PCTG. 449. Polarizer) 

A coextruded film containing 481 layers was made by extruding the cast 
web in one operation and later orienting the film in a laboratory film-stretching 
apparatus. The feedblock method was used with a 61 layer feedblock and three 

15 (2x) multipliers. Thick skin layers were added between the final multiplier and the 
die. Polyethylene naphthalate (PEN) with an intrinsic viscosity of 0.47 dl/g (60 wt. 
% phenol/40 wt. % dichlorobenzene) was delivered to the feedblock by one 
extruder at a rate of 25.0 pounds per hour. Glycol modified polyethylene dimethyl 
cyclohexane terephthalate (PCTG 5445 from Eastman) was delivered by another 

20 extruder at a rate of 25.0 pounds per hour. Another stream of PEN from the above 
extruder was added as skin layers after the multipliers at a rate of 25.0 pounds per 
hour. The cast web was 0.007 inches thick and 12 inches wide. The web was layer 
uniaxially oriented using a laboratory stretching device that uses a pantograph to 
grip a section of film and stretch it in one direction at a uniform rate while it is 

25 allowed to freely relax in the other direction. The sample of web loaded was about 
5.40 cm wide (the unconstrained direction) and 7.45 cm long between the grippers 
of the pantograph. The web was loaded into the stretcher at about 100°C and 

.>u on gnppei to gnppei measurements) Immediately altei stretching, tne sample uas 



cooled by blowing room temperature air at it. In the center, the sample was found 
to relax by a factor of 2.0. 

Figure 5 shows the transmission of this multilayer film where curve a shows 
transmission of light polarized in the non-stretch direction at normal incidence, 

5 curve b shows transmission of p-polarized light polarized in the non-stretched 
direction at 60° incidence, and curve c shows the transmission of light polarized in 
the stretch direction at normal incidence. Average transmission for curve a from 
400-700nm is 89.7%, average transmission for curve b from 400-700nm is 96.9%, 
and average transmission for curve c from 400-700nm is 4.0%. % RMS color for 

1 0 curve a is 1 .05%, and %RMS color for curve b is 1 .44%. 

EXAMPLE 4 fPEN:CoPEM 601. Polarizer) 

A coextruded film containing 601 layers was made on a sequential 
flat-film-making line via a coextrusion process. A Polyethylene naphthalate (PEN) 

15 with an intrinsic viscosity of 0.54 dl/g (60 wt % Phenol plus 40 wt % 
dichlorobenzene) was delivered by on extruder at a rate of 75 pounds per hour and 
the coPEN was delivered by another extruder at 65 pounds per hour. The coPEN 
was a copolymer of 70 mole % 2,6 naphthalene dicarboxylate methyl ester, 1 5 % 
dimethyl isophthalate and 15% dimethyl terephthalate with ethylene glycol. The 

20 feedblock method was used to generate 151 layers. The feedblock was designed to 
produce a stack of films having a thickness gradient from top to bottom, with a 
thickness ratio of 1.22 from the thinnest layers to the thickest layers. The PEN skin 
layers were coextruded on the outside of the optical stack with a total thickness of 
8% of the coextruded layers. The optical stack was multiplied by two sequential 

25 multipliers. The nominal multiplication ratio of the multipliers were 1.2 and 1.27, 
respectively. The film was subsequently preheated to 310°F in about 40 seconds 
and drawn in the transverse direction to a draw ratio of about 5.0 at a rate of 6% 

M) transmission of light polarized in the non-stretch direction at normal incidence, 
curve b shows transmission of p-polarized light at 60° incidence, and curve c shows 



transmission of light polarized in the stretch direction at normal incidence. Note the 
very high transmission of p-polarized light in the non-stretch direction at both 
normal and 60° incidence (80-100%). Also note the very high reflectance of light 
polarized in the stretched direction in the visible range (400-700nm) shown by 
5 curve c. Reflectance is nearly 99% between 500 and 650nm. 

EXAMPLE 5 (TEN:sPS. 481. Polarizer) 

A 481 layer multilayer film was made from a polyethylene naphthalate 
(PEN) with an intrinsic viscosity of 0.56 dl/g measured in 60 wt. % phenol and 

10 40 wt % dichlorobenzene purchased from Eastman Chemicals and a syndiotactic 
polystyrene (sPS) homopolymer (weight average molecular weight = 200,000 
Daltons, sampled from Dow Corporation). The PEN was on the outer layers and 
was extruded at 26 pounds per hour and the sPS at 23 pounds per hour. The 
feedblock used produced 61 layers with each of the 61 being approximately the 

15 same thickness. After the feedblock three (2x) multipliers were used. Equal 
thickness skin layers containing the same PEN fed to the feedblock were added 
after the final multiplier at a total rate of 22 pounds per hour. The web was 
extruded through a 12" wide die to a thickness of about 0.01 1 inches (0.276 mm). 
The extrusion temperature was 290°C. 

20 This web was stored at ambient conditions for nine days and then uniaxially 

oriented on a tenter. The film was preheated to about 320°F (160°C) in about 25 
seconds and drawn in the transverse direction to a draw ratio of about 6:1 at a rate 
of about 28% per second No relaxation was allowed in the stretched direction 
The finished film thickness was about 0 0018 inches (0.046 mm). 

25 Figure 7A shows the optical performance of this PEN:sPS reflective 

polarizer containing 481 layers. Curve a shows transmission of light polarized in the 
non-stretch direction at normal incidence, curve b shows transmission of 

.in p-polan/.ed light at both normal and <»u incidence .Average transmission lui cui\e 
a over 400-700 nm is 86.2%, the average transmission for curve b over 400-700 nm 



is 79.7%. Also note the very high reflectance of light polarized in the stretched 
direction in the visible range (400-700nm) shown by curve c. The film has an 
average transmission of 1.6% for curve c between 400 and 700 nm. The % RMS 
color for curve a is 3.2%, while the % RMS color for curve b is 18.2%. 

5 

EXAMPLE 6 (PENxoPEN. 603. Polarizer) 

A reflecting polarizer comprising 603 layers was made on a sequential 
flat-film making line via a coextrusion process. A polyethylene naphthalate (PEN) 
with an intrinsic viscosity of 0.47 dl/g (in 60 wt% phenol plus 40 wt% 

10 dichlorobenzene) was delivered by an extruder at a rate of 83 pounds (38 kg) per 
hour and the CoPEN was delivered by another extruder at 75 pounds (34 kg) per 
hour. The CoPEN was a copolymer of 70 mole %, 2,6 naphthalene dicarboxylate 
methyl ester, 15 mole % dimethyl terephthalate, and 15 mole % dimethyl 
isophthalate with ethylene glycol. The feedblock method was used to generate 151 

15 layers. The feedblock was designed to produce a stack of films having a thickness 
gradient from top to bottom, with a thickness ratio of 1.22 from the thinnest layers 
to the thickest layers. This optical stack was multiplied by two sequential 
multipliers. The nominal multiplication ratio of the multipliers was 1.2 and 1.4, 
respectively. Between the final multiplier and the die, skin layers were added 

20 composed of the same CoPEN described above, delivered by a third extruder at a 
total rate of 106 pounds (48 kg) per hour. The film was subsequently preheated to 
300°F (150°C) in about 30 seconds and drawn in the transverse direction to a draw 
ratio of approximately 6 at an initial rate of about 20% per second. The finished 
film thickness was approximately 0.0035 inch (0.089 mm). 

25 Figure 7B shows the optical performance of the polarizer of Example 6. 

Curve a shows transmission of light polarized in the non-stretch direction at normal 
incidence, curve b shows transmission of p-polarized light in the nonstretch 
iMwiton -it terror nm?le nf incidence and curve c shows transmission of liuht 

for curve a over 400-700 nm is 87% Also note the very high reflectance of light 



polarized in the stretched direction in the visible range (400-700nm) shown by 
curve c The film has an average transmission of 2.5% for curve c between 400 and 
700 nm. The % RMS color for curve b is 5%. 

II Rackli pht System * I Isinp Multilayer Optical Films 

Backlight systems according to the present invention use multilayer optical 
films to reflect light. Reflectors constructed of multilayer optical film are most 
advantageously located around the light source as well as along the back surface of 
the light guide, although in some instances they may be used in one or the other 
location alone. 

The advantages of using multilayer optical film for reflectors in backlight 
systems are graphically illustrated in Figure 8. Curve a shows the total reflectivity 
as a function of the number of reflections for a conventional reflector that has 96% 
reflectivity (i.e., about 4% of the light is absorbed at each reflection). As shown by 
curve a, the intensity of light which has been reflected from a conventional reflector 
decreases significantly after a relatively low number of reflections. In contrast, 
curve b shows the total reflectivity for a multilayer mirror film having a reflectivity 
of about 99.4%. Curve b clearly shows a much smaller decrease in reflectivity. The 
difference becomes especially pronounced after only 2-4 reflections. 

For example, after five reflections, the intensity of light is about 97% for 
light reflected from multilayer optical films according to the present invention, while 
the intensity drops to about 81.5% for light reflected from a conventional reflector 
which is only about 3.5% less efficient Although it is difficult to determine the 
average number of reflections experienced by light in a backlight system, the 
number of reflections can be expected to increase as uniformity and/or aspect ratio 
(defined more completely below) increase in any given backlight system. Those 
increased reflections would cause a significant loss in efficiency for backlight 
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The practical value of this characteristic is that the efficiency of the 
backlighting systems and any display employing one is greatly enhanced resulting in 
increased brightness and/or contrast as compared to systems employing 
conventional reflectors Put another way, the number of acceptable reflections for a 
5 given light ray in backlight systems employing multilayer optical film reflectors 
according to the present invention can be significantly increased without 
substantially impairing the overall output of the backlight system as compared to 
backlight systems employing conventional reflectors. Put another way, the 
probability that a photon will not be lost is increased in backlight systems employing 

10 optical film reflectors. 

Figures 9-12 will now be described. The figures schematically depict 
various backlight systems manufactured according to the present invention, but are 
not intended to limit the scope of the present invention. For example, all of the 
figures depict light guides having essentially rectangular cross-sections. It will be 

15 understood, however, that the multilayer optical film reflectors can be used with any 
light guide including a lamp cavity reflector and/or a back reflector. Other 
examples of light guides include wedge-shaped guides, channeled guides, 
pseudo-wedge guides, etc. 

Figure 9 depicts, in a cross-sectional schematic view, an illustrative 

20 backlight system 1 10 which includes a light guide 1 12 and a light source 118. Light 
source 118 may be any source which emits light, such as a fluorescent lamp, 
incandescent lamp, solid state source, electroluminescent (EL) light source or any 
other source of visible light. Although the embodiments described below typically 
include one such source, it will be understood that a backlight system according to 

25 the present invention could include two or more individual sources located at the 
same or different positions and combining to provide the required amount of light. 

In the preferred embodiments, the light source 118 comprises a source 

i> .substantially oi one poian/.auon onentauon i he ieiiecli\e polan/.ation kiii he 
accomplished using bulk optics or a multilayer reflective polarizer, both of which 



are described in copending and commonly-assigned U.S. patent application Serial 
No 08/418,009, titled POLARIZED LIGHT SOURCES, filed on April 6, 1995, 
which is incorporated herein by reference. 

The light guide 1 12 includes a front surface 1 14 and a back surface 1 16. 
5 Components such as polarizers, diffusers, liquid crystal display panels, graphics 
films, prints and compensation/retarder films are typically placed above the front 
surface 114 of the light guide 112, are not depicted in Figure 9 (or any of the 
backlight systems depicted in any of the figures) but will be well known to those 
skilled in the art and will not be described herein. 

10 A lamp cavity reflector 120 is depicted as partially surrounding the light 

source 1 18 and coupling the same to the light guide 112. Conventional lamp cavity 
reflectors are constructed of a silvered film which exhibit reflectivities of about 96% 
for visible wavelengths, with the remaining light being substantially absorbed by the 
reflector. A lamp reflector 120 constructed using multilayer optical film according 

15 to the present invention, however, exhibits much higher reflectivities, typically 
about 98% or greater which significantly reduces losses. In addition, the presently 
described multilayer film has very high reflectivity, preferably at least 90%, more 
preferably 95%, and even more preferably at least 98%, at angles away from the 
normal (for example, greater than 45°). Since in many backlighting systems, such 

20 as those shown in Figures 9-12, the light enters from the side of the light guide, this 
is a distinct advantage. 

It may be desirable to provide for increased lamp operating temperatures in 
which case the exterior surface of the reflector 120 can be coated with a metallic 
layer or an additional reflector can be provided (see reference number 224 in 

25 Figure 10 and the description below). This can increase infrared reflectance as well 
as reduce convective cooling of the lamp 1 18. 

Backlight systems incorporating multilayer optical film as the lamp cavity 

.v. < optical Him according a> tuc pieseni m\ention, uhcn an othci vanaMe.s an- 



constant. This increase can be largely attributed to the extremely low absorptivity 
and high reflectivity of the multilayer optical film. 

In the backlight system 110, the lamp cavity reflector 120 is preferably 
integrated with the back reflector 122, either by laminating or similarly attaching the 
5 two pieces together or by using one continuous sheet for both functions. As a 
result, there are essentially no losses associated with the interface between the two 
reflectors 120 and 122. In addition, manufacturing of the backlight system 110 can 
be simplified by such a design. In addition, it maybe preferred in certain 
applications to laminate or otherwise similarly attach the back reflector to the back 

10 of the light guide 112. This eliminates the air gap between components, thus 
reducing surface reflections and increasing overall efficiency of the system. 

The mechanism used to extract light from the light guide 1 12 is not depicted 
in Figure 9 as any suitable mechanism could be used. Examples of extraction 
mechanisms include, but are not limited to: diffusing dots on the back surface 1 16 

15 of light guide 1 12, channels in the back surface 1 16, the discontinuities associated 
with a pseudo-wedge light guide 112, and the increased reflected angles within a 
wedge-shaped light guide 1 12, and posts that adhere the reflector to the guide and 
provide light diffusion within the guide. 

In the instance where a less efficient multilayer reflective film is used as the 

20 back reflector 122, it may be advantageous to provide the back surface layer 122, 
i.e., the surface facing away from the light guide 1 12, with a thin metal or other 
reflective coating to decrease transmissive losses through the multilayer optical film 
reflector 122, thereby improving the reflectivity of the multilayer optical film 122. 
It will of course, be understood that the metallic or other reflective coating may 

25 suffer from some absorption losses, but the fraction of light transmitted through the 
film 122 will typically be less than 5% (more preferably less than about 1%) of the 
total light incident on the film 122. 

Mi which have relatively high aspect ratios Aspect ratio can he detmed a> the iiuum; 



of the thickness of the backlight system as opposed to its length or surface area (in 
the case of a planar surface over which light is to be distributed). 

In Figure 9, thickness of the light guide 1 12 is depicted as T while the length 
of the light guide is depicted as L. That ratio, L/T can be significantly higher in 
5 backlight systems 1 10 according to the present invention due to the relative thinness 
and flexibility of the multilayer optical films. The aspect ratio can be higher because 
the number of reflections for any given light ray entering light guide 1 12 before it 
exits the backlight system 110 can be significantly higher without substantially 
degrading the overall light output of the backlight system 110 due to the low 

10 absorbance of the reflective surfaces provided by multilayer optical film back 
reflector 122. In contrast, the designer of a similar backlight system incorporating 
conventional reflectors which absorb incident light must be concerned with the 
number of reflections experienced by the light before exiting the backlight and the 
resulting absorptive losses. 

15 Although both the lamp cavity reflector 120 and back reflector 122 of 

backlight system 110 are described as being constructed of multilayer optical film 
according to the present invention, it will be understood that only one of the 
reflectors 120 or 122 may be constructed of multilayer optical film while the other 
is constructed of conventional reflective materials. However, such a construction 

20 may not be preferred for certain applications due the absorption losses which would 
be experienced. 

Figure 10 depicts, in a cross-sectional schematic view, an illustrative 
backlight system 210 which includes a light guide 212 and a light source 218. The 
light guide 212 includes a front surface 214 and a back surface 216. A lamp cavity 
25 reflector 220 is depicted as partially surrounding the light source 218 and coupling 
the same to the light guide 212. In most respects, the construction of backlight 
system 210 is similar to the construction of system 1 10 described above. 
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film is used. However, if a very efficient, e.g. at least 97% reflective, film is used, 
the reflector 224 may not be required. 

An additional layer 226 is depicted as interposed between the back reflector 
222 and the back surface 216 of the light guide 212. That additional layer 
5 preferably comprises a means of diffusing light directed towards back reflector 222. 
A means of diffusing light may be helpful in some backlight systems because typical 
multilayer optical films provided as mirrors exhibit specular reflection which may be 
undesirable on some applications. 

The diffusing means 226 can be provided in many different forms as long as 

10 it diffuses the specular component of light reflected from the multilayer optical film 
back reflector 222. It is preferred, however, that the diffusing means absorb a 
minimum amount of incident light, thereby reducing its impact on the performance 
of the backlight system 210. It may also be preferred that the diffusing means 226 
is polarization preserving (as shown below with respect to Figure 13) or 

15 polarization scrambling (as shown with respect to Figure 14). 

Other means of diffusing light could include loading diffusing particles, such 
as barium sulfate, in a coextruded skin layer located on the multilayer optical film 
back reflector 222. Alternately, the diffusing particles could be included within one 
of the layers in the stack, preferably near the surface on which light is incident. 

20 Diffusing layers could also be coated by extrusion coating on the multilayer optical 
film or they could be spread on the surface of the multilayer optical film using a 
suitable solvent. 

Another diffusing means could comprise a commercially available diffusing 
film located between the multilayer optical film back reflector 222 and the back 
25 surface 216 of light guide 212. One example of a diffusing film is DFA-12, 
available from Minnesota Mining and Manufacturing Company, St. Paul, 
Minnesota. 
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One exemplar/ diffijsing adhesive can be made by forming acrylic/styrene 
beads and dispersing the beads in a water based emulsion adhesive. An adhesive 
containing 5% by weight of the microspheres, was coated out on a PET liner film 
and was dried to form an 8.4 grain/4" x 6" adhesive layer. Diffusing adhesive was 
5 coated to 4 mils wet at 1 7 feet per minute. The drying oven was 30 feet in length. 
The drying temperature was 1 80° F. 

Preparation of Stvrene Particles 

3 grams of polyvinyl alcohol) and 9 grams of standapol-A (ammonium 

10 lauryl sulfate - Hercules) was dissolved in 480 grams of water. 2 grams of 
Lucidol™-75 (75% benzoyl peroxide - Elf Atochem) was dissolved in 120g of 
styrene. The above two mixtures were blended and emulsified in a Gaulin 
homogenizer until the droplet size was approximately 2 microns The emulsion was 
charged to a 1 liter reactor, heated to 80°C, degassed with argon and allowed to 

1 5 react for 1 2 hours. 

Preparation of Pressure-Sensitve Adh esive Microparti cles bv Suspension 

Polymerization Method 

1 gram of sodium dodecyl benzene sulfonate was dissolved in 360 grams of 

20 deionized water. 2.4 grams of polyethylene oxide) 1 6 acrylate (PEO), 4.8 grams of 
acrylic acid and 1.05 grams of Lucidol™75 (75% benzoyl peroxide from Elf 
Atochem) were dissolved in 232.8 grams of iso-octyl acrylate (IOA). The above 
mixture was emulsified in a Gaulin homogenizer such that the droplet size was 1 
micron or less. This emulsion was then charged to 1 liter reactor, stirred at 400 

25 RPM and heated to 65°C for 4 hours. The 97/2/1 IOA/AA/PEO resulting particles 
had a size of approximately 2 microns as viewed with an optical microscope and 
had an index of refraction of 1.47. 

■}() 440 mams of the above Pressure Sensitive Adhesive .Suspension wa.s 

blended with 58 grams of the above poly(styrene) suspension, 1.5 grams of Triton 



GR-5M (Rohm & Haas) and 1.8 grams Polyphobe 104 (Union Carbide). The 
mixture was neutralized with ammonium hydroxide to a pH of 8.3. The diffuser 
adhesive solution was coated onto a PET release liner at 4 mils wet and dried at 
65°C for 10 minutes. 

5 If it is desired to preserve the polarization of the light exiting from the 

backlight system 210, e.g., where a liquid crystal display is being illuminated and the 
light source 218 emits polarized light, the diffusing particles used in the system 210 
should be as spherical as possible to preserve polarization. 

Conversely, if the backlight system 210 is being used in conjunction with a 

10 multilayer or other type of reflective polarizing film (not shown) located above the 
front surface 214 to recycle light having the "wrong" polarization, it is desirable that 
the diffusing means also randomize polarization of the light to enhance that 
recycling process. An alternative construction is to use the polarization preserving 
diffuser and a birefringent film or skin layer to depolarize the light. 

15 Figure 11a depicts, in a cross-sectional schematic view, an alternate 

illustrative backlight system 3 10. This backlight system illustrates the construction 
of a backlight system without a separate light guide as described in the above 
systems. Light guides, which are typically constructed of materials such as acrylic, 
add weight to the backlight system. As described below, the multilayer optical films 

20 described above present the opportunity to construct a highly efficient backlight 
system 310 which does not require a separate light guide. 

The backlight system 310 includes a front surface 314 and a back surface 
316 as well as a light source 318 and a lamp cavity mirror 320. The system 310 
also preferably includes a diffusing means 326 to diffuse light directed towards the 

25 back reflector 316. The diffusing means 326 should have varied amounts of 
diffusion across the back surface of the backlight to achieve uniform output. 

The front surface 3 14 of the backlight system 310 can contain the extraction 

Mt One usetui extraction mechanism i> to constiuet the Hunt suilace .i i<+ nom 

the multilayer optical film and to provide perforations or voids in the film 314 which 



allow light to exit the system 310. As shown in Figure 1 lb, which is a plan view of 
the front of backlight system 310, it may be preferred in certain applications for the 
number and/or area of voids 315 to increase as distance from the light source 318 
increases. In a system such as that depicted in Figures 11a and lib, it may be 
5 desirable to place a diffusing layer above the front surface 3 14 to obscure the voids 
315. If such a diffusing layer is provided, the diffusing layer 326 depicted as lying 
between front surface 3 14 and back reflector 316 may be unnecessary. 

Figure 12 is a cross-sectional schematic view, another alternate illustrative 
backlight system 410 which includes a light guide 412 and a light source 418. The 

10 light guide 412 includes a front surface 414 and a back surface 416. A lamp cavity 
reflector 420 is depicted as partially surrounding the light source 418 and coupling 
the same to the light guide 412. In most respects, the construction of backlight 
system 410 is similar to the constaiction of systems 1 10 and 210 described above. 
Light guide 412 is also depicted with diffusing extraction dots 417 located on its 

15 back surface 416, although any extraction mechanism could be used as described 
above. 

One of the primary differences is that the multilayer optical film back 
reflector 422 is provided with a structured surface facing the back surface of the 
light guide 412. It is preferred that staictured surface be designed to reflect light 

20 upward towards the front surface 414 of light guide 412 within a desired range of 
angles. This is particularly useful if the backlight system 410 will be used with a 
structured partially reflective film located in between the backlight and the viewer. 
Exemplary micro-replicated structured partially reflective films are available as 
Brightness Enhancement Film and Optical Lighting Film, both of which are 

25 available from Minnesota Mining and Manufacturing Company, St. Paul, 
Minnesota. 

Structured partially reflective films typically have excellent reflectivity over 

->i' >omewhal controlled, the use ul nacK icilcctoi v\iin a sliuctuicu nuiLkc aiki a 
structured film (not shown) located above the backlight system 410 can reduce the 



number of reflections needed before light can be refracted through the structured 
film, thereby further limiting any absorptive losses in the system 410. 

Another alternative to providing the structured surface directly in the back 
reflector 422, would be to interpose a layer of structured film between the back 
5 reflector and the back surface of the light guide. 

When the reflective polarizer 419 is used to polarize light entering the guide 
420, as shown in Figure 13, then the guide, the light extracting dots and the 
reflective multilayer mirror 420 are preferably polarization preserving. 

In light recycling backlights such as that shown in Figure 14, where 
10 reflective polarizers 523, brightness enhancement film 525 or combination thereof 
are placed on top of the light guide, the multilayer reflector 520 is preferably both 
diffuse scattering and polarization scrambling. 

The present invention has been described above with respect to illustrative 
examples to which modifications may be made without departing from the scope of 
1 5 the invention as defined by the appended claims. 



